Using different spectroscopic techniques and computational calculations, we describe the structural and electromagnetic relationship that causes many interesting phenomena within a novel coordination compound with mixed valence manganese (II, III and IV) in its crystal and powder
Introduction
Recently, many types of multimetallic-centered compounds have been extensively studied, especially manganese coordination compounds. This is due to their scientific and technological role as magnetoresistive (GMR or CMR) materials, their biological significance as emulators of catalytic domains, among other properties [1] [2] [3] [4] [5] [6] [7] . Moreover, such complexes exhibit superparamagnetic-like properties as single molecule magnets (SMMs). This type of complex displays slow relaxation of magnetization and can function as a magnet below the blocking temperature [8] . The time frame for the relaxation of magnetization is thermally controlled by the spin ground state and the equatorial anisotropy, D [9] [10] [11] . As part of the construction of multi Mn, Co, Cu, and Fe [12] complexes with such characteristics, Schiff base ligands acting as brick units have been both widely and successfully used. Interestingly, Schiff base ligands seem to promote the formation of multicenter coordination compounds with mixed valence states due to the diversity of electronegative groups and availability for coordination [13] [14] [15] . On the other hand, several complexes with low nuclearity of Mn ions have been widely studied [16] [17] [18] . The coexistence of Mn(II) and Mn (IV) in inorganic complexes has been demonstrated. These compounds have biological relevance due (500 MHz, DMSO-d 6 , δ, ppm): 17.6, 6.7-7.6, 4.1-4.7, 2.99,1-1.5; ESR (crystalline powder, 300 K/90 K, and in DMSO solution, 90 K): 
Results and Discussion

Synthesis
The used methodology gave a mixed-valence tetra-nuclear cluster [Mn II Mn III 2 Mn IV (HL) 2 (H 2 L) 2 (H 2 O) 4 ](NO 3 ) 2 presenting an oxidation of Mn(II) to Mn(III) and Mn(IV), which were stabilized by different grades of the ligand deprotonation. The redox potential value of the Mn 3+ O 2 /Mn 2+ at pH = 8 is E = +1.79 V with ∆G = −173.28 kJ mol −1 , and for Mn 4+ O 2 /Mn 2+ at pH = 8, E = +0.99 V with ∆G = −191.81 kJ mol −1 , indicating both processes are spontaneous [34] . This oxidation process of Mn(II) was observed by changes in coloration from orange to burgundy. During the establishment of the synthetic methodology, the effect obtained by using different concentrations of base was studied, looking for a larger number of manganese ions in the cluster. We concluded that this parameter is not affected by the O--H ligand deprotonation. Notably, the temperature, reaction time, and stoichiometric reactants relation were varied one parameter in each assay, and 1 was obtained in a reproducible way.
Structural Analysis
A burgundy rectangular crystal of 1 was resolved by X-ray crystallography, showing a triclinic cell with space group P-1. Table 1 summarizes the crystallographic data. Figure 1 shows the structure of 1, which is a centrosymmetric tetramer of manganese ions with mixture valences (II), (III), and (IV). In Table 2 the bonds length and angles of interest are summarized. oxygen atom to two phenolato oxygen atoms, which connect it to the other neighboring manganese ion and to the nitrogen atom of the imino group, which connects a manganese ion with the next manganese ion. One of the four six-coordinated manganese ions, Mn2, is coordinated to one-donor atom of HL 3− ligands and to two-donor atoms of HL 2− ligands, displaying bond lengths between 1.875-2.161 Å. Mn1 ions are coordinated to four-donor atom of two HL 2− ligands, showing the Mn1 bond lengths in the range between 1.852-2.305 Å (Table 2) . Nevertheless, the structure of 1 at 295 K, showed an inversion center that would be able to produce the unity [Mn(III) . The unit cell contains two nitrate counter ions (−2), four alkoxide groups (−4), six μ−O (−6), four μ−N and four water molecules for each Mn4 unity. Each manganese ion is coordinated by five oxygen and one nitrogen atoms, producing an octahedral ligand field with axial elongation with bond lengths >2.15 Å, which lowers the symmetry from Oh to D4h, with respect to the bond equatorial distances <1.997 Å [35] . The oxygen atoms axially coordinated to the Mn1 ion correspond to -OH group of the ligand (O22#1, Mn1-O2#1); for Mn2 these axially coordinated oxygen atoms belong to two water molecules (O26, O25), which creates an elongated octahedral coordination sphere (Figure 1 ).
(a) (b) The distances Mn2···Mn1#1 and Mn1···Mn1#1are ~3 Å and the angles Mn-O-Mn are in the 97.1-100.8° interval. These structural characteristics are in accordance with literature suggesting that the Mn1 and Mn2 have a +3 oxidation state [36, 37] . The oxidation states assigned to the manganese ions Symmetry transformations used to generate equivalent atoms: #1 −x+1, −y+2, −z+1.
In Figure 1 the basic nucleus of the crystallographic structure, which denotes all Mn(III) ions according to crystallographic distances (see Computational Details), is shown. Figure 1 where each manganese ion is bonded to four ligands through one phenolic oxygen atom to two phenolato oxygen atoms, which connect it to the other neighboring manganese ion and to the nitrogen atom of the imino group, which connects a manganese ion with the next manganese ion. One of the four six-coordinated manganese ions, Mn2, is coordinated to one-donor atom of HL 3− ligands and to two-donor atoms of HL 2− ligands, displaying bond lengths between 1.875-2.161 Å. Mn1 ions are coordinated to four-donor atom of two HL 2− ligands, showing the Mn1 bond lengths in the range between 1.852-2.305 Å (Table 2) . Nevertheless, the structure of 1 at 295 K, showed an inversion center that would be able to produce the unity [Mn(III)-µ 2 -O-N] 4 , but the degree of deprotonation of the ligand under the pH conditions of the reaction produces the unity [Mn(II)−, [Mn(III)] 2 −, Mn(IV)−µ −O−N]. The unit cell contains two nitrate counter ions (−2), four alkoxide groups (−4), six µ−O (−6), four µ−N and four water molecules for each Mn 4 unity. Each manganese ion is coordinated by five oxygen and one nitrogen atoms, producing an octahedral ligand field with axial elongation with bond lengths >2.15 Å, which lowers the symmetry from O h to D 4h , with respect to the bond equatorial distances <1.997 Å [35] . The oxygen atoms axially coordinated to the Mn1 ion correspond to -OH group of the ligand (O22#1, Mn1-O2#1); for Mn2 these axially coordinated oxygen atoms belong to two water molecules (O26, O25), which creates an elongated octahedral coordination sphere ( Figure 1) .
The distances Mn2···Mn1#1 and Mn1···Mn1#1are~3 based on the structural characteristics were different from the interpretation obtained by the ESR studies, discussed in the corresponding section. However, the theoretical calculations of the structure and the ESR results, presented in their respective section, suggest oxidation states of +2, +3, and +4 ( Figure 1 ) [38] . Intermolecular hydrogen bridges build a 2D supramolecular structure ( Figure 2 ). Each manganese ion in 1 is coordinated to five oxygen atoms and one nitrogen atom, with an axially distorted octahedral geometry. This last statement is observed for the axial distances, which are longer than the equatorial distances (Table 2 ) [36, 37] . The deviation of Mn2, with respect to the plane formed by the O21, N21, O22, and O3 atoms is of 0.013 Ǻ, and for Mn2 the deviation from the plane formed for the O3, O22, O2 and N1 is of 0.125 Ǻ. The angles for a perfect octahedral perfect geometry would be of 90° in plane and 180° between the axial positions. Although for 1 these angle values are different, Á lvarez et al. [39] have proposed equation 1 to calculate a distortion from Oh symmetry to a distorted D4h symmetry. Symmetry transformations used to generate equivalent atoms: #1 −x+1, −y+2, −z+1.
where ∆ = longer distance−shorter distance, taking ( ℎ ) a value > 0 for octahedral elongation and a value ( ℎ ) < 0 for a tetragonal distortion. This parameter takes a value of zero for a perfect octahedron. For Mn1 the ( ℎ ) = 0.34 and for Mn2 the ( ℎ ) = 0.96; were the two Mn1, inner ions in Figure 1 , show a major distortion towards D4h symmetry and for Mn2, the outer ions in Figure 1 , a ≤ ℎ symmetry [36, 37, 40, 41] . These different environments provide the possible coordination sites for Mn(II) and Mn(IV) for mixed valence compound as described in the DFT section and other studies [42] . When the experimental powder X-ray diffraction (PXRD) was carried out on the polycrystalline grinded sample the crystal size was grinded mechanically and then the typical diffraction pattern of the polycrystalline sample was obtained, which clearly showed the picks corresponding for Mn(II, III and IV) (Figure SI-5-9) [43, 44] .
and the angles Mn-O-Mn are in the 97.1-100.8 • interval. These structural characteristics are in accordance with literature suggesting that the Mn1 and Mn2 have a +3 oxidation state [36, 37] . The oxidation states assigned to the manganese ions based on the structural characteristics were different from the interpretation obtained by the ESR studies, discussed in the corresponding section. However, the theoretical calculations of the structure and the ESR results, presented in their respective section, suggest oxidation states of +2, +3, and +4 ( Figure 1 ) [38] . Intermolecular hydrogen bridges build a 2D supramolecular structure ( Figure 2 ). Each manganese ion in 1 is coordinated to five oxygen atoms and one nitrogen atom, with an axially distorted octahedral geometry. This last statement is observed for the axial distances, which are longer than the equatorial distances (Table 2) [36, 37] . The deviation of Mn2, with respect to the plane formed by the O21, N21, O22, and O3 atoms is of 0.013
based on the structural characteristics were different from the interpretation obtained by the ESR studies, discussed in the corresponding section. However, the theoretical calculations of the structure and the ESR results, presented in their respective section, suggest oxidation states of +2, +3, and +4 ( Figure 1 ) [38] . Intermolecular hydrogen bridges build a 2D supramolecular structure ( Figure 2 ). Each manganese ion in 1 is coordinated to five oxygen atoms and one nitrogen atom, with an axially distorted octahedral geometry. This last statement is observed for the axial distances, which are longer than the equatorial distances ( 
Symmetry transformations used to generate equivalent atoms: #1 −x+1, −y+2, −z+1. 
where ∆ = longer distance−shorter distance, taking ( ℎ ) a value > 0 for octahedral elongation and a value ( ℎ ) < 0 for a tetragonal distortion. This parameter takes a value of zero for a perfect octahedron. For Mn1 the ( ℎ ) = 0.34 and for Mn2 the ( ℎ ) = 0.96; were the two Mn1, inner ions in Figure 1 , show a major distortion towards D4h symmetry and for Mn2, the outer ions in Figure 1 , a ≤ ℎ symmetry [36, 37, 40, 41] . These different environments provide the possible coordination sites for Mn(II) and Mn(IV) for mixed valence compound as described in the DFT section and other studies , and for Mn2 the deviation from the plane formed for the O3, O22, O2 and N1 is of 0.125
based on the structural characteristics were different from the interpretation obtained by the ESR studies, discussed in the corresponding section. However, the theoretical calculations of the structure and the ESR results, presented in their respective section, suggest oxidation states of +2, +3, and +4 ( Figure 1 ) [38] . Intermolecular hydrogen bridges build a 2D supramolecular structure ( Figure 2 ). Each manganese ion in 1 is coordinated to five oxygen atoms and one nitrogen atom, with an axially distorted octahedral geometry. This last statement is observed for the axial distances, which are longer than the equatorial distances (Table 2 ) [36, 37] . The deviation of Mn2, with respect to the plane formed by the O21, N21, O22, and O3 atoms is of 0.013 Ǻ, and for Mn2 the deviation from the plane formed for the O3, O22, O2 and N1 is of 0.125 Ǻ. The angles for a perfect octahedral perfect geometry would be of 90° in plane and 180° between the axial positions. Although for 1 these angle values are different, Á lvarez et al. [39] have proposed equation 1 to calculate a distortion from Oh symmetry to a distorted D4h symmetry. 
Bond Length
where ∆ = longer distance−shorter distance, taking ( ℎ ) a value > 0 for octahedral elongation and a value ( ℎ ) < 0 for a tetragonal distortion. This parameter takes a value of zero for a perfect octahedron. For Mn1 the ( ℎ ) = 0.34 and for Mn2 the ( ℎ ) = 0.96; were the two Mn1, inner ions in Figure 1 , show a major distortion towards D4h symmetry and for Mn2, the outer ions in Figure 1 
where ∆ = longer distance − shorter distance, taking S(O h ) a value > 0 for octahedral elongation and a value S(O h ) < 0 for a tetragonal distortion. This parameter takes a value of zero for a perfect octahedron. For Mn1 the S(O h ) = 0.34 and for Mn2 the S(O h ) = 0.96; were the two Mn1, inner ions in Figure 1 , show a major distortion towards D 4h symmetry and for Mn2, the outer ions in Figure 1 , a ≤ O h symmetry [36, 37, 40, 41] . These different environments provide the possible coordination sites for Mn(II) and Mn(IV) for mixed valence compound as described in the DFT section and other studies [42] . When the experimental powder X-ray diffraction (PXRD) was carried out on the polycrystalline grinded sample the crystal size was grinded mechanically and then the typical diffraction pattern of the polycrystalline sample was obtained, which clearly showed the picks corresponding for Mn(II, III and IV) (Figure SI-5-9) [43, 44] . The IR interpretation and DFT studies give a plausible explanation for the integrated evidence of three oxidation states for Mn ions. The XPS experiment has been further analyzed to explain how the obtained signals clearly indicate the presence of three oxidation states of manganese ions. Moreover, the reported typical values of the three manganese oxidation states at the NIST database are consistent with the signals obtained for 1 as reported in the supplementary information [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . UV-Vis spectroscopy was performed in methanol at room temperature for complex 1. Within the whole curve of the spectrum we were able to solve different transitions by calculating Gaussian deconvolutions [59, 60] of the whole spectrum resulting in two d-d forbidden transitions between = 400 − 579 nm. These values fall into the axially distorted octahedral geometry and belong to the , , [61] . Additionally, the electronic transition energies both in polycrystalline powder sample ( Figure SI1 ) and in solution, were in accordance with the presence of a Mn(IV) and Mn(III), which was confirmed by the IR and ESR experiments and computational calculations. Furthermore, the low spin Mn(II) ( = ) species
UV-Vis Spectroscopy
were not visible due to the Laporte selection rule. Finally, a high energy MLCT was observed at 388 nm, confirming the manganese ions coordination with the organic ligand (Table 3) .
Infrared Spectroscopy
The IR analysis of 1 was conducted at room temperature using KBr pellets as a matrix to hold the sample. Comparison of H4L and 1 shows two main changes, in the O--H and C=N vibrations that are shifted to lower energies when coordinated to the ionic metals Mn(II), (III) and (IV). The lack of electrons in the oxidized form of Mn ions makes them highly electronegative, affecting the UV-Vis Spectroscopy UV-Vis spectroscopy was performed in methanol at room temperature for complex 1. Within the whole curve of the spectrum we were able to solve different transitions by calculating Gaussian deconvolutions [59, 60] of the whole spectrum resulting in two d-d forbidden transitions between λ max = 400 − 579 nm. These values fall into the axially distorted octahedral geometry and belong to the d xy, xz, yz
. Additionally, the electronic transition energies both in polycrystalline powder sample ( Figure SI1 ) and in solution, were in accordance with the presence of a Mn(IV) and Mn(III), which was confirmed by the IR and ESR experiments and computational calculations. Furthermore, the low spin Mn(II) (s = 1 2 ) species were not visible due to the Laporte selection rule. Finally, a high energy MLCT was observed at 388 nm, confirming the manganese ions coordination with the organic ligand (Table 3) . Infrared Spectroscopy
The IR analysis of 1 was conducted at room temperature using KBr pellets as a matrix to hold the sample. Comparison of H 4 L and 1 shows two main changes, in the O--H and C=N vibrations that are shifted to lower energies when coordinated to the ionic metals Mn(II), (III) and (IV). The lack of electrons in the oxidized form of Mn ions makes them highly electronegative, affecting the vibration energy by its requirement of electron density from the surrounding atoms. However, the more interesting changes are present at the low energy zone from 1200 to 1500 cm −1 . The structure of 1 resolved by X-ray crystallography and the computationally optimized chemical structure, shown in their corresponding sections, imply a lattice built by hydrogen bonds, which affects the C-O frequencies of the phenolate groups in the theoretical IR spectrum, making the assignation of vibration bands of the experimental spectrum possible (Figure 3 and Table 4 ). 
Proton Nuclear Magnetic Resonance
Analyzing paramagnetic compounds by NMR spectroscopy is always challenging due to the various phenomena that involve the electron spin momentum interactions with the nuclei, resulting in a distorted base line in the spectrum, making it almost unassignable [65] . In our case, the H4L NMR-1 H spectrum changes drastically when coordinated to Mn(II), (III), (IV). According to the Mixed-valence Mn ion complexes have been studied deeply by various spectroscopies [62] [63] [64] . Many of these reports disregarded the changes in the vibrational information promoted by the differences in the oxidation states. We integrated computational results to the experimental IR spectrum to ensure the assignment of the phenolic C-O bond stretching mode (Figure 3) . By deconvolution of the experimental vibration bands, the transitions contained within the envelope were observed and are in agreement with the theoretical estimation of the four vibrational energies for Mn-O bonds (Figure 3) . We propose that the energy difference in the C-O stretching vibrational modes between Mn(II) i and Mn (IV) e is produced by the electronic effects induced by the different oxidation states of the Mn ions.
Analyzing paramagnetic compounds by NMR spectroscopy is always challenging due to the various phenomena that involve the electron spin momentum interactions with the nuclei, resulting in a distorted base line in the spectrum, making it almost unassignable [65] . In our case, the H 4 L NMR-1 H
spectrum changes drastically when coordinated to Mn(II), (III), (IV). According to the crystal structure, four molecules of H 4 L are coordinated with four manganese ions. The average Mn . . . H aromatic bond distance is 5.46 Å. Thus, all aromatic protons are more distant from the influence of the metallic ions, provoking a loss of the structural symmetry and making them magnetically non-equivalent. Moreover, the multiplicity of the isotropic chemical shifts is also modified with respect to the free ligand, and the signals are shifted to higher energies due to the electronegativity of the metallic ions, as shown in Figure 4 . The integrals estimation for all 16 protons farther from the paramagnetic aromatic center in the molecule was performed in the area between 6 to 11 ppm. Additionally, the signal at 15 ppm ( Figure  4b ) was assigned to the proton in the H-CN group, with a difference of displacement from the free H4L of 6.4 ppm. The estimated integral of 4 is in agreement with the number of this type of protons in the whole molecule, and the distance from the manganese is 3.78 Å. Finally, the most affected protons belong to the methyl and hydroxyl groups, which are the closest to the magnetic center with bond distances of 3.5Å and 4.7 Å, respectively, and appearing now at negative displacement in a range from −11 to -30 ppm. The high electronegativity of the manganese ions withdraws electronic density from the covalent M-L bonds. This group of signals has a broad shape, characteristic of rapid relaxation times due to the highly effective relaxation mechanism induced by the spin-spin interactions [66, 67] . The integrals estimation for all 16 protons farther from the paramagnetic aromatic center in the molecule was performed in the area between 6 to 11 ppm. Additionally, the signal at 15 ppm (Figure 4b ) was assigned to the proton in the H-CN group, with a difference of displacement from the free H 4 L of 6.4 ppm. The estimated integral of 4 is in agreement with the number of this type of protons in the whole molecule, and the distance from the manganese is 3.78 Å. Finally, the most affected protons belong to the methyl and hydroxyl groups, which are the closest to the magnetic center with bond distances of 3.5 Å and 4.7 Å, respectively, and appearing now at negative displacement in a range from −11 to −30 ppm. The high electronegativity of the manganese ions withdraws electronic density from the covalent M-L bonds. This group of signals has a broad shape, characteristic of rapid relaxation times due to the highly effective relaxation mechanism induced by the spin-spin interactions [66, 67] . The energy range covered by the signal can be used to calculate the real values of the transverse relaxation time. The T 2 parameter, which is ruled mainly by the spin-spin mechanism, is heavily affected by the presence of the manganese ions and its effect on the signal depends on its closeness to the nuclei [66, 67] . A summary of the protons' relaxation times and its dependence to the distance to the metallic ion can be seen in Table 5 . Electron Spin Resonance Figure 5 shows the ESR spectra of 1 at 300 K and 80 K and its simulation. Figure 6 contains the ESR spectrum of 1 in DMSO solution at 90 K, which shows the hyperfine interactions splitting and zero-field splitting signals, and of the powder sample 1 at 12 K, where the signals show a better resolution [68] . The areas ratio was [69] , where both ratios suggest an antiferromagnetic exchange interaction. The broadlines at different temperatures were Γ 300 K = 640 G, Γ 90 K = 660 G, Γ 12 K = 610 G, showing an increase of the dipolar interaction over the magnetic exchange interaction at 90 K; although, at 12 K the value decreases as the exchange interaction is observed over the dipolar interaction [70] . All ESR experiments of 1 are consistent with three different oxidation and spin states for the manganese ions present (Figure 7 ). 1 contains four manganese ions with a strong ligand field induced by five oxygen and one nitrogen ligand, which stabilize the low spin of Mn(II), s = [68, 71, 72] . The Mn(III) species of 1 showed a signal with g = 2.760 value. The Mn(III) has d 4 electrons and a 5 D configuration for its ground sate, which was considered an ESR silent system due to the shorter relaxation times or to the large zero-field splitting [73] . However, it has been proposed that for systems with s > 1 2 the magnetic dipole transition is allowed, although not totally, when the Zeeman basal states are mixed by the zero-field Hamiltonian terms. These Zeeman basal state mixes the no-Kramer doublet, |±2 and |±1 states, into ± [74, 75] . A d 3 Mn(IV) ion in an octahedral symmetry has a ground state 4 A 2g and should show an isotropic resonance on its ESR spectrum with g < 2 value [76, 77] . Since the four manganese ions in 1 do not have perfect octahedral geometries, they instead show tetragonal distortion and the spin-orbit interaction is present, the two Kramer's doublets, = ± axial and rhombic zero-field parameters, respectively. In accord with the UV-Vis, ESR spectra and the X-ray structure the distortion present in 1 is axial and then E D = 0. It is important to note that the zero-field split is not observed in the ESR spectra of the solid sample at two temperatures, and we assume that this splitting at the zero-field is smaller than the hν = 0.31 cm −1 at X-band. Nevertheless, the ESR spectrum and its simulation ( Figure 5 ) gave g > 4 and g < 2 values characteristic of Mn(IV) species, which is identifiable by the transition at higher field since the g ∼ 2 signal is weak, which has been observed in other works [78] [79] [80] [81] [82] [83] [84] . doublets, = ± , ± , are splatted by 2( + ); where D and E are the axial and rhombic zero-field parameters, respectively. In accord with the UV-Vis, ESR spectra and the X-ray structure the distortion present in 1 is axial and then = 0. It is important to note that the zero-field split is not observed in the ESR spectra of the solid sample at two temperatures, and we assume that this splitting at the zero-field is smaller than the ℎ = 0.31 at X-band. Nevertheless, the ESR spectrum and its simulation ( Figure 5 ) gave > 4 and < 2 values characteristic of Mn(IV) species, which is identifiable by the transition at higher field since the ~2 signal is weak, which has been observed in other works [78] [79] [80] [81] [82] [83] [84] .
(a) (b) doublets, = ± , ± , are splatted by 2( + ); where D and E are the axial and rhombic zero-field parameters, respectively. In accord with the UV-Vis, ESR spectra and the X-ray structure the distortion present in 1 is axial and then = 0. It is important to note that the zero-field split is not observed in the ESR spectra of the solid sample at two temperatures, and we assume that this splitting at the zero-field is smaller than the ℎ = 0.31 at X-band. Nevertheless, the ESR spectrum and its simulation ( Figure 5 ) gave > 4 and < 2 values characteristic of Mn(IV) species, which is identifiable by the transition at higher field since the ~2 signal is weak, which has been observed in other works [78] [79] [80] [81] [82] [83] [84] .
(a) (b) signal The Heisenberg Hamiltonian, Equation (2), was proposed to fit the susceptibility data vs temperature remembering that the magnetizations studies are bulk and there are no possibilities to distinguish oxidation states of manganese ions. This last consideration led us to consider that the exchange interactions between the Mn2…Mn1 ions of the basic nucleus were equal but different from the exchange interactions between the two central Mn1…Mn1 ions, Figure 9 .
where and are the exchange magnetic constants and are the spin operators [86] . The best data adjustment was made in the two sections with the modified Bleaney-Bowers equation (Equation (3)) [86] , giving the following values: = +115 cm , = +164 cm , with a = 2 value. Figure 8 , χ M T vs T plots for 1 are illustrated and the χ M T 300 K value is 3.69 cm 3 mol −1 K. This value corresponds to S T = 2, which is a much lower value than S T = 4 if all manganese species are not interacting magnetically. When the temperature decreased, the χ M T 65 K value increases to 5.04 cm 3 mol −1 K, and at a lower temperature the χ M T 3 K value decreases again to 4.46 cm 3 mol −1 K. There is a drastic magnetic order change at 65 K and continues during the 65-53 K range with a final value at χ M T 52.4 K of 4.7 cm 3 mol −1 . The rearrangement of the magnetic order that starts at 65.5 K can be explained as a change from an antiferromagnetic interaction to a weaker antiferromagnetic interaction measured with J values [85] .
The Heisenberg Hamiltonian, Equation (2), was proposed to fit the susceptibility data vs. temperature remembering that the magnetizations studies are bulk and there are no possibilities to distinguish oxidation states of manganese ions. This last consideration led us to consider that the exchange interactions between the Mn2 . . . Mn1 ions of the basic nucleus were equal but different from the exchange interactions between the two central Mn1 . . . Mn1 ions, Figure 9 .
where J 1 and J 2 are the exchange magnetic constants and S i are the spin operators [86] .
them. Similar to X-ray diffraction, this bulk quantification does not detect the fine-tuning magnetic behavior, which is observed by ESR spectrometry. The magnetic response points towards that at 65.5 K and below the oxo-bridges angles will take values ≫90° and the Mn1 ions will be aligned with the other two outer ions, switching towards a stronger antiferromagnetic coupling with a modified magnetic order, electronic, and spatial arrangement. behavior, which is observed by ESR spectrometry. The magnetic response points towards that at 65.5 K and below the oxo-bridges angles will take values ≫90° and the Mn1 ions will be aligned with the other two outer ions, switching towards a stronger antiferromagnetic coupling with a modified magnetic order, electronic, and spatial arrangement. The best data adjustment was made in the two sections with the modified Bleaney-Bowers equation (Equation (3)) [86] , giving the following values:
As the J's values were positives and take in account eq 2, the −2J 1 = 115 cm −1 and − 2J 2 = 164 cm −1 values indeed that exchange interactions are antiferromagnetic [69] . Returning to the ESR area ratio only a small spin population remains turned with the field magnetic, quantified by the χ M T values in the magnetization studies. The oxo-bridges angles >90 • in the structure of 1 are consistent with an exchange antiferromagnetic interaction [87] . It is important to note that to quantify the J values, the oxidation states of manganese ions are not considered. Additionally, the two negative charges of the nitrate groups might be on the manganese ions labeled as outer, or only on one of them. Similar to X-ray diffraction, this bulk quantification does not detect the fine-tuning magnetic behavior, which is observed by ESR spectrometry. The magnetic response points towards that at 65.5 K and below the oxo-bridges angles will take values 90 • and the Mn1 ions will be aligned with the other two outer ions, switching towards a stronger antiferromagnetic coupling with a modified magnetic order, electronic, and spatial arrangement.
Computational Calculations
An optimization of 1 at the crystallographic initial coordinates proved to reproduce the distance pattern of four distances shorter than 2.1 Å forming a plane and two axial distances larger than 2.1 Å (Table 6 ). This arrangement showed a spin density on all four Mn cations consistent with a 3d 4 Mn(III) III (Table 7) . Since this interpretation was inconsistent with the ESR results, five more models were explored in order to establish which model could produce a mixture of Mn(II) and Mn(IV). 4 ], 3. These two molecules show different modifications of the first coordination sphere distances, shortening the axial water molecules distances in the case of 2 and elongating four Mn-X in the case of 3. These distance modifications correspond to changes in the Mulliken spin densities (Table 7) to the formation of two MnIV in the outer Mn cations in the case of 2 and two inner MnII in the case of 3. The free energy difference at B3LYP/6-31g+(d)/LANL2DZ (∆G B3LYP ) for the process is 274.6 kcal/mol, suggesting this process is not possible at room temperature or below.
The second option corresponds to the transfer of two hydrogen atoms from one 1 molecule to another 1 molecule. In this scenario [Mn(III) 2 Mn(IV) 2 8 ] 2+ , 6. The rationale for this model comes from the observation that artificially imposed Mn-X distances corresponding to outer Mn in 2 and inner Mn in 3 induced the oxidation states consistent with the ESR results but introduced great instability to the whole molecule and eventually a restriction-free optimization produced 1 again. To diminish these instabilities, four water molecules were added. The resulting molecule could not be optimized to a minimum with a Ci symmetry. However, this asymmetry induced the observation of the three oxidation states of Mn in the same molecule. The distances and Mulliken spin densities are consistent with this explanation. The ∆G B3LYP for the reaction where four water molecules are included in the complex is 23.3 kcal/mol, which is still lower in energy than the two other process considered and the most probable explanation from an energy point of view.
Another tool we used to sustain that model 6 is responsible for the ESR signals are the IR vibrational modes. Modifications in the oxidation state of the Mn cations may increase/decrease the energy of certain vibrational modes. We focused our attention on Mn-X stretching modes and phenoxide C-O stretching modes. From DFT calculations some of these vibrational modes could be assigned and compared with experimental IR spectra. The results are shown in Figure 10 . 
Conclusions
The reaction conditions allowed two spontaneous oxidation processes, starting from Mn(II) and stabilizing a mixed valence compound containing different proportions of Mn(II), Mn(III), and Mn(IV). It is not an easy task to identify the different oxidation states in a single molecule structure From Figure 10 it can be noticed that the bands at 665, 619, and 557 cm −1 are common to all the models and would not help to discriminate among them. An important band at 576 cm −1 , is not present in 1, but it is in 4 and 6. The band at 541 cm −1 is weakly present in 1, but is strongly present in 4 and corresponds to a vibrational mode that includes Mn(IV) IV . Regarding the band at 1305 cm −1 , it distinctively corresponds to the C-O Ph stretching vibration coordinated to different Mn cations. It can be noticed that a vibrational mode from a single model, as is the case of 1, would not account for the broadening of that band. Furthermore, the charge changes in the Mn cations coordinating the O Ph would produce the shift observed in those bands. It would increase the energy of C-O Ph stretching mode when Mn(IV) was coordinated and lower the energy in the case of Mn(II). It is worth mentioning that the protonation state and hydrogen bond networks of O Ph also play a significant role in the energy of this vibrational mode, in particular in model 6 where all vibrational modes are expected to be present. One particular marker that is distinctive of model 6 is the signal at 1365 cm −1 . This signal is barely present in the experimental spectra and only active in model 6. It corresponds to water bending from the extra water molecules. This observation and the values for the free energy variation suggest that model 6 is the responsible for the ESR behavior.
The reaction conditions allowed two spontaneous oxidation processes, starting from Mn(II) and stabilizing a mixed valence compound containing different proportions of Mn(II), Mn(III), and Mn(IV). It is not an easy task to identify the different oxidation states in a single molecule structure resolved by single crystal X-ray diffraction (XRD) at 300 K, which shows only Mn(III). In contrast, grinded crystals produced polycrystalline powder and its PXRD pattern showed evidence for the three-oxidation states. UV-Vis spectra, in solid and in solution samples, showed electronic transitions assigned to Mn 4+, 3+ ions. The experimental IR stretching frequencies of the C-O group were identified with the aid of the DFT calculations, and showed supramolecular effects acting upon specific vibrational modes. Both experimental and theoretical IR spectra are consistent with the vibrational mode changes on the C-O stretching coordinated to Mn ions in different oxidation states. NMR-1 H spectrum showed two zones of proton signals affected for its proximity to paramagnetic ions, which presented shorter relaxation times, with two and three magnitude orders, with respect to the free ligand. The ESR studies at different temperatures developed characteristic transitions for Mn(II) low spin, Mn(III) high spin and Mn(IV). Mn(III) species were detected by the transitions observed at high energy produced among the two split Kramers doublets |±1/2 and |±3/2 Mn(II) and Mn(IV) and the no split doublets, |±1 and |±2 , which corresponding to Mn(III) spin states, proved the presence of the three manganese oxidation states. Antiferromagnetic exchange interactions through the oxygen atoms established by magnetization studies are consistent with the ESR results, the bond angles between the Mn-O-Mn atoms, and the quantification of the magnetic order. The consistency among the spectroscopic techniques results (either bulk or molecular) demonstrate the coexistence of the manganese three oxidation states obtained. 
